1. Introduction {#sec1-cells-09-01205}
===============

Mutations in the autophagy receptor Ubiquilin 2 (*UBQLN2*) have been associated with amyotrophic lateral sclerosis and frontotemporal degeneration (ALS/FTD) \[[@B1-cells-09-01205]\]. *UBQLN2* is an X-linked gene. The protein has an N-terminal ubiquitin-like domain (UBL), a C-terminal ubiquitin-associated domain (UBA), four heat-shock chaperonin-binding STI1 motifs, and a proline-rich disordered domain (PXX) \[[@B2-cells-09-01205]\]. Both UBL and UBA domains participate in interactions with proteasomes, and in autophagic protein degradation \[[@B3-cells-09-01205],[@B4-cells-09-01205]\]. As a ubiquitin-like protein, it is known that most ALS/FTD-causing mutations in *UBQLN2* are within the PXX region, leading to the impairment of its proteasomal function \[[@B5-cells-09-01205],[@B6-cells-09-01205]\]. Recent reports have also revealed that mutant UBQLN2 compromises autophagy in transgenic rodents \[[@B7-cells-09-01205],[@B8-cells-09-01205],[@B9-cells-09-01205]\], and stress granule formation are impaired by ALS/FTD-linked UBQLN2 mutations \[[@B10-cells-09-01205]\].

Genetic studies have also reported that TANK-binding kinase 1 (*TBK1*) mutations resulting in haploinsufficiency cause ALS and FTD \[[@B11-cells-09-01205],[@B12-cells-09-01205],[@B13-cells-09-01205]\]. There is no cure for ALS/FTD and the exact pathogenic mechanisms of these related disorders remain unclear. TBK1 is a ubiquitously-expressed 729 amino acid protein containing four functional domains: the serine/threonine (S/T) protein kinase domain (KD); the ubiquitin-like domain (UBL) and the coiled-coil domains 1 and 2 (CCD1/2) \[[@B14-cells-09-01205]\]. Mutations of *TBK1* that cause ALS/FTD occur throughout the coding region of *TBK1*, rather than clustering within any specific domain \[[@B15-cells-09-01205]\]. These ALS/FTD-linked mutations cause the accumulation of microtubule-associated protein 1 light chain 3 (LC3) and sequestosome 1 (SQSTM1)/p62, suggesting that malfunction of the autophagic pathway play a key role in the pathogenesis of neurodegeneration \[[@B7-cells-09-01205],[@B8-cells-09-01205],[@B9-cells-09-01205],[@B16-cells-09-01205],[@B17-cells-09-01205],[@B18-cells-09-01205]\]. In mice, complete loss of TBK1 leads to embryonic death at approximately embryonic day 14.5 \[[@B19-cells-09-01205]\], whereas loss of one TBK1 allele has biphasic effects in mice that harbor the ALS-linked superoxide dismutase 1 (*SOD1*)-G93A mutation, accelerating the disease onset in the early stage but reducing microglial neuroinflammation and slowing disease progression at a later stage \[[@B19-cells-09-01205]\].

Reduced kinase activity is a major consequence of certain ALS/FTD-linked *TBK1* mutations \[[@B15-cells-09-01205]\]. TBK1 is a multi-functional protein kinase, but is best known as an innate immune kinase that mediates the activation of interferon regulatory factor 3/7 (IRF3/7) to induce the production of IFN1 (IFN-α and IFN-β) and related pro-inflammatory cytokines \[[@B20-cells-09-01205],[@B21-cells-09-01205]\]. IRF3 promotes the production of primarily IFN-β \[[@B22-cells-09-01205]\], while IRF7 induces the production of both IFN-α and IFN-β \[[@B23-cells-09-01205]\]. As a protein kinase, the interactions between TBK1 and autophagy receptors have been well investigated. TBK1 was recently reported to phosphorylate and promote autophagy by interacting with the autophagy receptors OPTN \[[@B6-cells-09-01205],[@B24-cells-09-01205]\] and SQSTM1/p62 \[[@B25-cells-09-01205],[@B26-cells-09-01205]\], both of which were reported to be involved in the pathogenesis of ALS/FTD by impairing autophagy \[[@B27-cells-09-01205]\]. Two autophagic markers, LC3 and p62, are increased in TBK1-deficient mice, suggesting that TBK1 depletion impair autophagy \[[@B28-cells-09-01205]\]. However, little is known regarding the role of UBQLN2 in TBK1--IRF3 signaling.

In the present study, we explored the effect of UBQLN2 on TBK1, and we found that over-expression of UBQLN2 increased TBK1 protein stability and TBK1 physically interacted with UBQLN2. Co-expressing UBQLN2 and TBK1 significantly enhanced the phosphorylation of both TBK1 and IRF3, leading to enhanced IFN1 production, whereas *UBQLN2* mutations impaired the phosphorylation of these proteins. Compared to wild-type UBQLN2, mutant UBQLN2 disrupted the interaction of TBK1 and its partner proteins, including IRF3, p62 and OPTN. In addition, the effects of UBQLN2 on production of IFN1 and related cytokines were abolished by the complete loss of IRF3 in HEK-293T cells but were not affected by the depletion of IRF7. All these findings suggest that UBQLN2 can promote IFN1 production via IRF3, and that dysregulation of this signaling pathway may play a critical role in UBQLN2-related diseases.

2. Materials and Methods {#sec2-cells-09-01205}
========================

2.1. Plasmid Construction {#sec2dot1-cells-09-01205}
-------------------------

Plasmids were constructed as previously described \[[@B29-cells-09-01205]\]. To increase the sensitivity of detection, human UBQLN2 cDNA were fused with the C-terminal 3x FLAG tag as well as the GFP tag at the N-terminus. Human TBK1 was synthesized and cloned into the pcDNA3 vector, which was used to express human TBK1 with a Myc tag at the C-terminus. All truncated UBQLN2 and TBK1 fragments were generated by PCR-based cloning, and all plasmids used in this study were sequenced to verify open reading frame sequence before transfection. Flag tagged IRF3, IRF7 and OPTN were purchased from GenScript (NJ, USA).

2.2. Cell Culture and Transfection {#sec2dot2-cells-09-01205}
----------------------------------

HEK-293T cells were obtained from American Type Culture Collection (ATCC, USA) and were cultured in Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum (FBS) and antibiotics (ampicillin and streptomycin). For immunoprecipitation, cells were cultured in 6-cm dishes. At 70% confluence, cells were transfected with plasmids in the presence of FBS and absence of antibiotics, using lipofectamine-2000 according to the manufacturer's instructions (Life Technologies, Grand Island, NY, USA). Cells were harvested at 24 h after transfection for RNA extraction, or at 48 h for immunoblotting.

2.3. CRISPR-Cas9--Mediated Knockout Cells {#sec2dot3-cells-09-01205}
-----------------------------------------

To generate IRF3 KO cells and IRF7 KO cells, HEK-293T cells were transfected with modified Cas9-vector (Addgene, MA, USA: \#48138) harboring the IRF3 gRNA sequence (AAGGGATGCGGAAGCGCGTGCGG) or the IRF7 gRNA sequence (CTGGAAGCACTTCGCGCGCAAGG). Five hundred cells were seeded in 10-cm dishes at the next day of transfection and propagated for one week. Forty-eight single clones from single cells were picked for each sgRNA transfection. All picked colonies were propagated and were genotyped by immunoblotting with IRF3 or IRF7 antibody, and further confirmed by DNA Sanger sequencing.

2.4. Immunoprecipitation and Immunoblotting {#sec2dot4-cells-09-01205}
-------------------------------------------

Harvested cells were lysed in protein extraction buffer (50 mM Tris HCl, pH 7.4, with 150 mM NaCl, 1 mM EDTA, and 1% TRITON X-100) for 30 min on ice. Cell debris was removed by centrifugation at 16,000× *g* for 10 min. Protein concentrations of lysates were measured by Pierce BCA Protein Assay Kit. Five hundred micrograms total protein per sample was incubated with anti-FLAG-M2 Affinity Gel (Sigma) or anti-c-myc Affinity agarose gel (ThermoFisher Scientific, USA). Affinity resins were thoroughly washed with washing buffer (50 mM Tris HCl, 2.7 mM KCl, 137 mM NaCl, pH 7.4) at 4 °C to remove nonspecifically bound proteins. Bound proteins were eluted with sodium dodecyl sulfate sample buffer (100 mM Tris HCl, 12.5 mM EDTA and 2% sodium dodecyl sulfate (SDS), pH 7.4) and boiled for 5 min followed by immunoblotting. Equal volumes for each sample were resolved by sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS-PAGE) for immunoblotting, as described previously \[[@B8-cells-09-01205]\]. Resolved proteins were transferred to nitrocellulose membranes for detection with the following primary antibodies: rabbit anti-TBK1 (Abcam, USA, 1:1000), rabbit anti-p-TBK1^s172^ (Abcam, USA, 1:1000), rabbit anti-IRF3 (Abcam, 1:1000), rabbit anti-p-IRF3^s386^ (Abcam, 1:1000), rabbit anti-IRF7 (Cell Signaling Technology, USA, 1:1000), mouse anti-UBQLN2 (Abnova: 1:1000), rabbit anti-myc (GenScript, 1:1000), mouse anti-Flag (Sigma, 1:1000) or rabbit anti-Flag (GenScript, 1:1000), rabbit anti-p62 (Proteintech, USA, 1:2000), rabbit anti-OPTN (Proteintech, 1:1000), mouse anti-GFP (Proteintech, 1:5000), and mouse anti-GAPDH (Proteintech, 1:5000).

2.5. Glutathione S-Transferase (GST) Pull-Down Assay {#sec2dot5-cells-09-01205}
----------------------------------------------------

To assess in vitro binding interactions, recombinant His-tagged UBQLN2 (His-UBQLN2: Abcam) and GST-tagged TBK1 (GST-TBK1: Thermo Fisher) were combined in 800 μL of 2% Chaps buffer (20 mM Tris pH 8.0, 150 mM NaCl, 2 mM MgCl~2~, 10% glycerol, 2.0% Chaps). Then, 70 μL of equilibrated glutathione-Sepharose 4B (GE Healthcare, USA) was added, and the mixture was incubated for 2 h with rotation. The mixture was centrifuged at 5000 rpm for 5 min, and the supernatant was discarded. The beads were washed four times with 1× PBS containing 2% Tween 20 and 200 mM KCL, once with 1× PBS, then resuspended in SDS sample buffer to give 100 μL. Samples were heated for 5 min at 100 °C, and analyzed by SDS--PAGE followed by immunoblotting.

2.6. RNA Extraction and Quantitative PCR Analysis {#sec2dot6-cells-09-01205}
-------------------------------------------------

HEK-293T cells were transfected with myc-tagged TBK1 and Flag-tagged UBQLN2. Total RNA was extracted with Trizol reagent (Thermo Fisher Scientific) 24 h after transfection. Total RNA (1 μg) was used for reverse transcription with ProtoScript First Strand cDNA Synthesis Kit (New England Biolabs, USA). Amplifications of qPCR analysis were performed with SYBR green in an Applied Biosystems Real-Time PCR Instrument (Thermo Fisher Scientific) using the following primers: hIFN-β-F, GACTTACAGGTTACCTCCGAAA, hIFN-β-R, CATATGCAGTACATTAGCCAT; hIFN-α-F, TGACAGAGAAGAAATACAGCC, hIFN-α-R, ATTGTTTTCATGTTGGACCAG; hIL1-F, TACAGCTGGAGAGTGTAGATCCC, hIL1-R, GCAGACTCAAATTCCAGCTTGTT; hIL6-F, TGTGCAGATGAGTACAAAAGTCCT, hIL6-R, ATGTCCTGCAGCCACTGGTTC; hIL8-F, GCCAACACAGAAATTATTGTAAAGC, hIL8-R, CTGGCATCTTCACTGATTCTTG; hISG54-F, CTTCCCAGTCTATCATCAACCTT, hISG54-R, CCGTCGCTTCTAGCTATGTATCT; hISG56-F, TCATCAGGTCAAGGATAGTC, hISG56-R, CCACACTGTATTTGGTGTCTAGG. Target mRNA levels were normalized to GAPDH mRNA levels as an internal control.

2.7. Dual-Luciferase Reporter Assay {#sec2dot7-cells-09-01205}
-----------------------------------

A Dual-Luciferase^®^ Reporter Assay System was purchased from Promega and used as per the manufacturer's instructions. HEK-293T cells were transfected with an IFN-β (Firefly luciferase) and a Renilla-TK reporter (Addgene), along with wild-type TBK1 and UBQLN2 or the P497H or P506T mutant forms. Cells were harvested 24 h after transfection and lysed following the manufacturer's instructions. Luciferase activity in the lysates were measured by Promega™ GloMax^®^ Plate Reader. Data for IFN-β were normalized to the Renilla luciferase internal control.

2.8. Statistical Analysis {#sec2dot8-cells-09-01205}
-------------------------

All data shown are representative and all experiments were repeated at least three times independently. Statistical analysis was carried out using one-way ANOVA or unpaired *t* tests. *p* \< 0.05 was considered statistically significant.

3. Results {#sec3-cells-09-01205}
==========

3.1. Interactions between TBK1 and UBQLN2 {#sec3dot1-cells-09-01205}
-----------------------------------------

TBK1 phosphorylates and interacts with three autophagy receptors: OPTN \[[@B6-cells-09-01205],[@B24-cells-09-01205]\], SQSTM1/p62 \[[@B25-cells-09-01205],[@B26-cells-09-01205]\], and NDP52 \[[@B30-cells-09-01205]\]. Mutations in both *p62* and *OPTN* have been reported to cause ALS/FTD \[[@B27-cells-09-01205]\], as do mutations in another autophagy receptor protein, UBQLN2 \[[@B1-cells-09-01205]\]. To our knowledge, the interplay of TBK1 and UBQLN2 has not been reported. To examine this, we used immunoprecipitation (IP) to detect interaction between TBK1 and UBQLN2 in HEK-293T cells. TBK1 and UBQLN2 tagged at the C-terminus with myc and Flag, respectively, were co-expressed in HEK-293T cells, and immunoaffinity resins were used to isolate the respective complexes. We noted that UBQLN2 was consistently immunoprecipitated with TBK1-Myc, and vice versa ([Figure 1](#cells-09-01205-f001){ref-type="fig"}A,B). Intriguingly, we found that pathogenic mutations in either *TBK1* (R47H substitution) or *UBQLN2* (P497H and P506T substitution) enhanced their binding to one another ([Figure 1](#cells-09-01205-f001){ref-type="fig"}A,B). Additionally, we co-transfected TBK-myc and GFP-UBQLN2 and IP with anti-c-myc resins, and revealed that the two proteins were precipitated ([Figure S1](#app1-cells-09-01205){ref-type="app"}). These results suggest that there is an interaction between UBQLN2 and TBK1. To further verify an interaction between TBK1 and UBQLN2, we conducted an in vitro glutathione S-transferase (GST) pull-down assay. As shown in [Figure 1](#cells-09-01205-f001){ref-type="fig"}C, His-UBQLN2 was effectively pulled down with GST-TBK1, thereby suggesting a direct interaction between UBQLN2 and TBK1.

To identify the domains in TBK1 and UBQLN2 that are responsible for the interaction, we created TBK1 truncated mutants (harboring a deletion of KD, UBL, or CDD1/2 domain) with the C-terminal myc-tag and UBQLN2 truncated mutants (harboring a deletion of UBL, STI, PXX or UBA domain) with the C-terminal 3x FLAG tag. The immunoprecipitation of TBK1-myc or its truncated mutants with UBQLN2-Flag showed that TBK1 bound to UBQLN2 mainly via its protein kinase and CCD1/2 domains ([Figure 2](#cells-09-01205-f002){ref-type="fig"}A). As shown in [Figure 2](#cells-09-01205-f002){ref-type="fig"}B, TBK1 was not pulled down with truncated UBQLN2 harboring only UBL domain and removal of UBA domain substantially decreased the binding affinity of UBQLN2 for TBK1, suggesting that the UBA domain of UBQLN2 is critical for its interaction with TBK1 ([Figure 2](#cells-09-01205-f002){ref-type="fig"}B).

3.2. Over-Expression of UBQLN2 Positively Promotes TBK1 Phosphorylation {#sec3dot2-cells-09-01205}
-----------------------------------------------------------------------

One of the best-known functions of TBK1 is mediating IFN1 signaling via the phosphorylation of IRF3/7 \[[@B20-cells-09-01205],[@B21-cells-09-01205],[@B31-cells-09-01205]\]. To determine the role of UBQLN2 in TBK1-IRF3, we co-transfected HEK-293T cells with TBK1 and UBQLN2. Immunoblotting showed that both phosphorylated TBK1 (p-TBK1) and total TBK1 were significantly elevated, and IRF3 phosphorylation was increased as well ([Figure 3](#cells-09-01205-f003){ref-type="fig"}), indicating that UBQLN2 may stabilize TBK1, thereby enhancing IRF3 phosphorylation. Moreover, UBQLN2 mutants harboring ALS-FTD-linked mutations were substantially less effective than wild-type UBQLN2 in promoting TBK1 phosphorylation ([Figure 3](#cells-09-01205-f003){ref-type="fig"}). As previously reported \[[@B11-cells-09-01205],[@B13-cells-09-01205],[@B15-cells-09-01205]\], the R47H mutation in *TBK1* lead to impaired phosphorylation of TBK1 and IRF3, which is consistent with our results ([Figure S2](#app1-cells-09-01205){ref-type="app"}).

To further investigate the effect of UBQLN2 on TBK1 protein, we co-transfected HEK-293T cells with TBK1 and varying amount of UBQLN2. As shown in [Figure 3](#cells-09-01205-f003){ref-type="fig"}C,D, increases in the levels of TBK1 and IRF3 were correlated with changes in UBQLN2 expression. Moreover, increasing amounts of UBQLN2 led to progressively greater phosphorylation of TBK1 and IRF3. The UBQLN2 dose-dependence of TBK1 phosphorylation suggested to us that UBQLN2 might stabilize TBK1 protein in cells. Therefore, we co-transfected cells with TBK1 and either UBQLN2 expression vector or an empty vector, and added cycloheximide 24 h later. We then used immunoblotting to determine TBK1 levels at varying times after cycloheximide addition ([Figure S3](#app1-cells-09-01205){ref-type="app"}). The results of immunoblotting show that UBQLN2 co-expression slowed the degradation of the TBK1.

3.3. UBQLN2 Promotes IFN1 Production {#sec3dot3-cells-09-01205}
------------------------------------

Activated TBK1 and IkB kinase-ε can phosphorylate IRF3, promoting the production of IFN1 and related pro-inflammatory cytokines \[[@B31-cells-09-01205],[@B32-cells-09-01205],[@B33-cells-09-01205]\]. We next tested the effect of UBQLN2 co-expression on IFN1 and related cytokines in HEK-293T cells expressing TBK1. Quantitative PCR showed that mRNA level of IFN-β, IL-6, IL-8 and the interferon induced genes (ISGs) ISG54 and ISG56 were substantially increased by co-expression of UBQLN2, whereas the levels of IFN-α and IL-1 were slightly elevated ([Figure 4](#cells-09-01205-f004){ref-type="fig"}A). And the ALS/FTD-linked *UBQLN2* mutations (P497H and P506T) diminished these productions ([Figure 4](#cells-09-01205-f004){ref-type="fig"}A). In a second approach, the expression of IFN-β was evaluated using a luciferase reporter assay. The reporter assay confirmed that UBQLN2 promoted IFN-β production, and that the pathogenic *UBQLN2* mutations (P497H and P506T) impaired its ability to enhance TBK1-dependent IFN-β production ([Figure 4](#cells-09-01205-f004){ref-type="fig"}B). The results suggest that ALS/FTD mutations in *UBQLN2* may undermine its role in TBK1-IRF3 signaling.

Similar to UBQLN2, another ubiquilin family member, ubiquilin 1 (*UBQLN1*), which also harbors the N-terminal UBL and C-terminal UBA domains as well as the STI motif \[[@B34-cells-09-01205]\]. To examine whether UBQLN1 has a similar effect on TBK1, we co-transfected UBQLN1 and TBK1 into HEK-293T cells. Compared to UBQLN2, the results of immunoblots show that no enhanced phosphorylation of TBK1 and IRF3 was observed when co-expressed with UBQLN1 ([Figure S4](#app1-cells-09-01205){ref-type="app"}), and we did not detect any significant alterations in IFN production and related pro-inflammatory cytokines (data not shown). Immunoprecipitation showed that the myc-tagged TBK1 did not precipitate with Flag-tagged UBQLN1 ([Figure S4](#app1-cells-09-01205){ref-type="app"}), suggesting that no interaction exist between TBK1 and UBQLN1, and increased UBQLN1 expression does not promote the phosphorylation of TBK1 and IRF3 as well.

3.4. Mutant UBQLN2 Impair the Interaction between TBK1 and its Partners {#sec3dot4-cells-09-01205}
-----------------------------------------------------------------------

TBK1 phosphorylates and also interacts with p62 and OPTN \[[@B6-cells-09-01205],[@B25-cells-09-01205]\], as well as IRF3. To detect the effect of UBQLN2 on the interactions of TBK1 and its partners, we co-transfected UBQLN2 and TBK1 along with p62 or IRF3 or OPTN into HEK-293T cells. Myc IP showed that the co-expression of UBQLN2 enhanced the TBK1 binding affinity to its partners including IRF3 ([Figure 5](#cells-09-01205-f005){ref-type="fig"}A), P62 ([Figure 5](#cells-09-01205-f005){ref-type="fig"}B) and OPTN ([Figure 5](#cells-09-01205-f005){ref-type="fig"}C). Compared to wild-type UBQLN2, ALS/FTD-linked UBQLN2 mutations significantly decreased the binding affinity of TBK1 for its partners ([Figure 5](#cells-09-01205-f005){ref-type="fig"}). These results indicate that mutant UBQLN2 may impair the interactions of TBK1 with its partners, leading to the functional impairment of TBK1.

3.5. UBQLN2 Promotes IFN1 Induction via IRF3 {#sec3dot5-cells-09-01205}
--------------------------------------------

TBK1 phosphorylates IRF3 and IRF7, leading to IFN1 induction \[[@B35-cells-09-01205]\]. To examine whether UBQLN2 enhances the IFN1 production via IRF3 or IRF7, we generated CRISPR-Cas9--mediated IRF3 and IRF7 knockout (KO) cells ([Figure 6](#cells-09-01205-f006){ref-type="fig"}A, [Figure S5](#app1-cells-09-01205){ref-type="app"}). In IRF3-KO cells, TBK1 phosphorylation was enhanced when co-expressed with UBQLN2 ([Figure 6](#cells-09-01205-f006){ref-type="fig"}), which is consistent with previous results ([Figure 3](#cells-09-01205-f003){ref-type="fig"}, [Figures S2 and S4](#app1-cells-09-01205){ref-type="app"}), whereas the mRNA of IFN-β, IL-6, ISG54 and ISG56 were not induced by TBK1 over-expression or co-expression of TBK1 and UBQLN2 in IRF3-KO cells, indicating that enhanced induction of IFN1 and related cytokines by UBQLN2 co-expression is dependent on IRF3. However, both immunoblots and qPCR showed similar results to those observed in wild-type cells when co-expressed TBK1 with UBQLN2 into IRF7-KO cells ([Figure S5](#app1-cells-09-01205){ref-type="app"}). All these results imply that UBQLN2 promotes the IFN1 inductions mainly via IRF3, rather than IRF7.

4. Discussion {#sec4-cells-09-01205}
=============

Mutations in the ubiquitin binding protein *UBQLN2* impair protein degradation via autophagy and the ubiquitin-proteasome pathway \[[@B36-cells-09-01205],[@B37-cells-09-01205],[@B38-cells-09-01205],[@B39-cells-09-01205]\], and accumulating evidence shows that this contributes to the development of ALS/FTD \[[@B1-cells-09-01205],[@B9-cells-09-01205],[@B40-cells-09-01205]\]. The functional impairment of TBK1 causes ALS/FTD \[[@B11-cells-09-01205],[@B13-cells-09-01205],[@B15-cells-09-01205]\], and ALS/FTD-causing mutations in *TBK1* that lead to TBK1 haploinsufficiency cause dysregulation of the TBK1-IRF3 pathway \[[@B11-cells-09-01205],[@B12-cells-09-01205]\]. Here, we reported that mutant UBQLN2 also result in the impaired TBK1-IRF3 signaling.

Two autophagy receptors, *p62* \[[@B41-cells-09-01205]\] and *OPTN* \[[@B42-cells-09-01205]\], have been reported to cause ALS and to interact with TBK1 \[[@B6-cells-09-01205],[@B25-cells-09-01205]\]. Using IP and GST pull-down assays, we found that UBQLN2, another autophagy receptor, also interacted with TBK1. In addition, ALS/FTD-linked mutations, either in *UBQLN2* (P497H and P506T) or in *TBK1* (R47H), increased their mutual binding affinity. Similarly, ALS/FTD-linked mutations in *TBK1* disrupted its interactions with several autophagy receptors including p62, OPTN, and NDP52, leading to impaired autophagy \[[@B43-cells-09-01205]\]. Likewise, ALS/FTD-linked *UBQLN2* mutations cause impairment of autophagy \[[@B8-cells-09-01205],[@B9-cells-09-01205]\].

TBK1 binds to adaptor proteins, such as OPTN, NAP1, and TANK, via its C-terminal region \[[@B44-cells-09-01205],[@B45-cells-09-01205]\], which is consistent with our finding that TBK1 interacted with UBQLN2 primarily via the TBK1 coiled-coil domain as well as the protein kinase domain. The majority of UBQLN2 mutations that cause ALS/FTD are located within the PXX domain, which is important for interactions with its protein partners \[[@B1-cells-09-01205]\], and this is in line with our observation of stronger binding to TBK1 via the C-terminal region of UBQLN2. In future studies, more ALS/FTD-linked mutations should be explored in order to understand the functional roles of this interaction.

TBK1 is activated by its phosphorylation at Ser 172 \[[@B46-cells-09-01205]\]. In HEK-293T cells over-expressing TBK1, we observed both TBK1 autophosphorylation and phosphorylation of IRF3 by TBK1, identical to previous reports \[[@B31-cells-09-01205],[@B32-cells-09-01205],[@B33-cells-09-01205]\]. Co-expression of UBQLN2 with TBK1 enhanced the protein level of TBK1 as well as the phosphorylation of both TBK1 and IRF3, and this phosphorylation was reduced by ALS/FTD-linked mutations in *UBQLN2*, and no altered TBK1 and IRF3 phosphorylation was exhibited in cells that co-expressed with UBQLN1 with TBK1. This disparity may result from the unique PXX domain of UBQLN2 and it distinguishes UBQLN2 from other ubiquilin proteins. Additionally, we found that the phosphorylation of TBK1 and IRF3 was positively correlated with the level of UBQLN2 expression. Moreover, comparing rates of protein turnover in the presence of cycloheximide showed that UBQLN2 promoted TBK1 protein stability. We previously reported that both mutant human UBQLN2 and wild-type human/rat UBQLN2 form protein inclusions including p62 and Rpt1 \[[@B9-cells-09-01205],[@B47-cells-09-01205]\], implying that the over-expression of UBQLN2 may cause the dysregulation of protein homeostasis, leading to toxicity. Proteasome impairment by mutant UBQLN2 was identified \[[@B1-cells-09-01205]\], while the ALS/FTD-linked mutations have been shown to cause defective proteasome delivery and to slow the degradation of UBQLN2 protein \[[@B40-cells-09-01205]\]. Collectively, these findings suggest the possibility that UBQLN2 over-expression may promote TBK1 expression by interfering with its degradation, and that proteasome function is impeded even more by mutant UBQLN2 than by wild-type form.

Phosphorylation of IRF3 by activated TBK1 is known to promote the production of IFNs and pro-inflammatory cytokines \[[@B31-cells-09-01205],[@B32-cells-09-01205],[@B33-cells-09-01205]\], and we obtained identical results in our study. Consistent with the effect of UBQLN2 on TBK1, in cells co-transfected with TBK1 and UBQLN2 we detected dramatically elevated expression of IFN-β and pro-inflammatory cytokines, as well as ISG54 and ISG56. The expression of IFN-β was more strongly affected than IFN-α. Lower cytokine expression was observed with pathogenic UBQLN2 than with wild-type UBQLN2. A luciferase reporter assay for IFN-β confirmed qPCR results indicating that UBQLN2 promoted IFN1 production, whereas the pathogenic UBQLN2 mutations reduced it. These findings indicate that UBQLN2 may play a role in regulating the TBK1-IRF3 pathway. Similarly, another autophagy receptor, OPTN, also positively promotes the production of TBK1 and IFN-β, which is impaired by ALS-linked mutant OPTN \[[@B48-cells-09-01205]\]. In SOD1-G93A mice, the interferon pathway is activated \[[@B49-cells-09-01205]\], whereas the ALS-linked TBK1 mutation decreases the interferon response and accelerates the disease onset \[[@B50-cells-09-01205]\]. All these findings suggest that impaired TBK1 proteins lead to the reduction in interferon production, and further indicate that dysregulation of immune response may involve in ALS.

ALS/FTD-linked mutations in *TBK1* lead to its functional impairment as well as disrupted interaction of TBK1 with its partners \[[@B15-cells-09-01205],[@B51-cells-09-01205]\]. Here, we observed that the interaction between TBK1 and its several substrates, including IRF3, p62 and OPTN, were greatly disrupted by UBQLN2 mutations, implying that impaired TBK1 may contribute a role in the pathogenesis of UBQLN2-related ALS/FTD. In the future studies, genetic screening is still helpful to examine whether concurrent mutations of TBK1 and UBQLN2 are existed and whether impaired TBK1 exists in patients. To further understand how UBQLN2 mutations affect TBK1, studies on UBQLN2 animal models are applicable, and mutant UBQLN2 knock-in models would be valuable. As complete loss of TBK1 led to embryonic death in mice \[[@B19-cells-09-01205]\] and neuron specific deletion of TBK1 causes impaired autophagy \[[@B52-cells-09-01205]\], indicating that TBK1 is essential to mice. To better understand how pathogenic TBK1 mutations cause ALS, animal models harboring *TBK1*-linked ALS/FTD mutations including transgenic and knock-in animals are strongly recommended. Compound knock-in animal models harboring both *UBQLN2* and *TBK1* mutations would be ideal models to study the synergistic effects of concurrent *TBK1* and *UBQLN2* mutations.

As reported, IRF3 promotes the production of primarily IFN-β \[[@B22-cells-09-01205]\], while IRF7 induces the production of both IFN-α and IFN-β \[[@B23-cells-09-01205]\]. In our current study, IFN-β production was abolished by the complete loss of IRF3, but no significant alteration in IRF7-KO cells was observed, suggesting that UBQLN2 promotes IFN1 production through IRF3 instead of IRF7. Our results as a whole indicate that mutant UBQLN2 cause functional impairment of TBK1.

5. Conclusions {#sec5-cells-09-01205}
==============

Taken together, we demonstrated that UBQLN2, rather than UBQLN1, promoted IRF3 phosphorylation via enhanced TBK1 phosphorylation, leading to the enhanced production of IFN1. *UBQLN2* with ALS-FTD-linked mutations caused functional impairment of TBK1 and reducing production of IFN1. Our new findings thus suggest a potential role of UBQLN2 in regulating IFN1 production.

The following are available online at <https://www.mdpi.com/2073-4409/9/5/1205/s1>, Figure S1: TBK1 precipitates UBQLN2. Figure S2: UBQLN2 has no effect on mutant TBK1. Figure S3: UBQLN2 increases TBK1 protein stability. Figure S4: Increased expression of Ubiquilin 1 does not affect TBK1 phosphorylation. Figure S5: Loss of IRF7 has no effect on IFN1 production enhanced by UBQLN2.
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![TANK-binding kinase 1 (TBK1) interacts with Ubiquilin 2 (UBQLN2). (**A**,**B**) Immunoprecipitation (IP) revealed that TBK1 interacted with UBQLN2 in HEK-293T cells when co-transfected with plasmids (Myc-tagged TBK1 and Flag-tagged UBQLN2) using Lipofectamine 2000. The transfected cells were harvested 48 h after transfection. The ratios in panel A were calculated based on the pull-downs of myc-tagged baits, and in panel B, these ratios were calculated according to the pull-down of the Myc or Flag-tagged bait protein Control: GFP tagged with Flag. (**C**) Glutathione-S-transferase (GST) pull-down assay revealed that UBQLN2 bound to TBK1 in vitro. Recombinant UBQLN2 protein was incubated with GST or GST-TBK1 protein for 2 h, and GST was then pulled down with glutathione-agarose beads. Proteins in the precipitates were detected by immunoblot with UBQLN2 and GST antibodies.](cells-09-01205-g001){#cells-09-01205-f001}

![Binding domains of TBK1 and UBQLN2. (**A**) Use of IP and immunoblotting to define the TBK1 domain that binds to UBQLN2. HEK-293T cells were co-transfected with full length or mutant TBK1 and UBQLN2-3xFlag. Cells were harvested 48 h after transfection. KD, the serine/threonine (S/T) protein kinase domain; UBL, the ubiquitin-like domain; CCD1/2, the coiled-coil domains 1 and 2; ∆UBL, TBK1 lacking the UBL domain. (**B**) The region of UBQLN2 binding to TBK1 was similarly defined. HEK-293T cells were transfected with TBK1-myc, along with either full-length UBQLN2 or truncated UBQLN2. UB2, UBQLN2; UBL, the ubiquitin-like domain; STI1, heat-shock chaperonin-binding motifs; PXX, the proline-rich disordered domain; UBA, ubiquitin-associated domain; ∆UBL, UBQLN2 lacking the UBL domain; ∆UBL&UBA, UBQLN2 lacking both UBL and UBA; ∆PXX&UBA, UBQLN2 lacking both PXX and UBA.](cells-09-01205-g002){#cells-09-01205-f002}

![UBQLN2 promotes TBK1 phosphorylation. (**A**) Immunoblot analysis revealed the expression levels of TBK1 and IRF3 when co-expressed with UBQLN2. The empty vector was co-transfected as the control. Each lane was loaded with 10 µg total protein, and GAPDH was used as the loading control. Human UBQLN2 and TBK1 were tagged with Flag or Myc and co-transfected into HEK-293T cells. (**B**) Graphs showing the relative levels of TBK1 based on GAPDH and the relative levels of p-TBK1 based on TBK1, calculated from the panel (**A**). (**C**) HEK-293T cells that were seeded into 10-cm dishes were co-transfected with TBK1 and varying amounts of UBQLN2 (0, 0.05, 0.2, 1, 2, 3 µg). Cells were harvested 48 h after transfection. Immunoblot reveals the levels of p-TBK1, TBK1, p-IRF3 and IRF3, in response to increasing expression of UBQLN2. An asterisk indicates non-specific bands detected by anti-myc. (**D**) Ratios of p-TBK1 to total TBK1, calculated from Panel C. Note: the total TBK1: TBK1; the phosphorylated TBK1: p-TBK1; the total IRF3: IRF3; the phosphorylated IRF3: p-IRF3.](cells-09-01205-g003){#cells-09-01205-f003}

![UBQLN2 promotes type 1 IFN production. (**A**) Quantitative PCR analysis revealed the relative levels of mRNA for IFN1 and related cytokines. HEK-293T cells. were transfected with Myc-tagged TBK1 and Flag-tagged wild-type or mutant UBQLN2. Total RNA was extracted with Trizol reagent 24 h after transfection. (**B**) Luciferase reporter assay showing the IFN-β activities. HEK-293T cells were transfected with an IFN-β (luciferase) and a Renilla-TK reporter from Addgene, along with wild-type TBK1 and UBQLN2 or their mutant forms: P497H or P506T, respectively. Assays were performed 24 h after co-transfection of TBK1 and UBQLN2. The data were calculated based on the empty vector, and are reported as the mean ± standard deviation (n = 3). \* *p* \< 0.05.](cells-09-01205-g004){#cells-09-01205-f004}

![Mutant UBQLN2 impairs TBK1 interactions with partner proteins. HEK-293T cells were co-transfected with TBK1-myc and IRF3-flag or p62-flag or OPTN-flag as well as wild-type or mutant UBQLN2-3xFlag expression vector or empty vector. Harvested cells 48 h after transfection. IP with anti-c-myc resins (Myc-IP) followed by immunoblotting and probed with indicated antibodies. (**A**) Myc-IP to pull down IRF3. (**B**) Myc-IP to pull down p62. (**C**) Myc-IP to pull down OPTN.](cells-09-01205-g005){#cells-09-01205-f005}

![Loss of IRF3 abolishes the effect of UBQLN2 on IFN1 production. CRISPR--Cas9-mediated IRF3 knockout (KO) HEK-293T cells were transfected with Myc-tagged TBK1 and Flag-tagged wild-type or mutant UBQLN2. Harvested cells 24 h after transfection. (**A**) Immunoblot analysis revealed the expression levels of TBK1 when co-expressed UBQLN2 with TBK1 in IRF3-KO cells. (**B**) Quantitative PCR analysis revealed the relative levels of mRNA for IFN-β and related cytokines in IRF3-KO cells. The data are reported as the mean ± standard deviation (n = 3). \* *p* \< 0.05.](cells-09-01205-g006){#cells-09-01205-f006}
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